Neurospora comprises a primary model system for the study of fungal genetics and biology. In spite of this, little is known about genome evolution in Neurospora. For example, the evolution of synonymous codon usage is largely unknown in this genus. In the present investigation, we conducted a comprehensive analysis of synonymous codon usage and its relationship to gene expression and gene length (GL) in Neurospora tetrasperma and Neurospora discreta. For our analysis, we examined codon usage among 2,079 genes per organism and assessed gene expression using large-scale expressed sequenced tag (EST) data sets (279,323 and 453,559 ESTs for N. tetrasperma and N. discreta, respectively). Data on relative synonymous codon usage revealed 24 codons (and two putative codons) that are more frequently used in genes with high than with low expression and thus were defined as optimal codons. Although codon-usage bias was highly correlated with gene expression, it was independent of selectively neutral base composition (introns); thus demonstrating that translational selection drives synonymous codon usage in these genomes. We also report that GL (coding sequences [CDS]) was inversely associated with optimal codon usage at each gene expression level, with highly expressed short genes having the greatest frequency of optimal codons. Optimal codon frequency was moderately higher in N. tetrasperma than in N. discreta, which might be due to variation in selective pressures and/or mating systems.
Introduction
The Neurospora genus contains organisms that are central to research in fungal genomics, biochemistry, and evolution. At present, however, much remains unknown about patterns and factors driving genome evolution in this taxonomic group, particularly for the emerging model organisms Neurospora tetrasperma and Neurospora discreta.
Although N. tetrasperma and N. discreta have been less extensively characterized than their close relative N. crassa (Davis and Perkins 2002; Borkovich et al. 2004) , available data has revealed key life history and genomic traits for these taxa. Specifically, N. tetrasperma has been shown to be a highly self-fertile (pseudohomothallic) organism assumed to have evolved from a self-incompatible (heterothallic) ancestor (Raju and Perkins 1994; Dettman et al. 2003) . In contrast, N. discreta is heterothallic (Perkins and Raju 1986 ). In both organisms, similar to most filamentous ascomycetes, sexual attraction and reproduction is regulated by the mating-type (mat) locus on the mating-type chromosomes (Shiu and Glass 2000; Casselton 2008) . For N. tetrasperma, selffertilization is promoted by the fact that nuclei carrying the two opposite mating types are contained in each ascospore (Shear and Dodge 1927; Raju and Perkins 1994; Jacobson 1995) , whereas in N. discreta, mating occurs between two haploid partners containing nuclei of opposite type (Perkins and Raju 1986) . Comparative phylogenetic analyses suggest that N. tetrasperma and N. discreta are not discrete species per se but rather are each comprised of distinct closely related phylogenetic lineages, that is with high levels of genetic diversity among lineages and low-genetic diversity within lineages (Dettman et al. 2006; Menkis et al. 2009 ). The haploid chromosome number in each taxon is 7, containing approximately 43 MB DNA (Dodge et al. 1950; Perkins and Raju 1986 ; http://genome.jgi-psf.org/). Currently, few data are available about the genomic traits and evolution of N. tetrasperma and N. discreta, including the evolution of codon usage in gene coding DNA.
Synonymous codons are not used randomly. Biases in synonymous codon usage may result from mutational pressure (Osawa et al. 1988; Sueoka 1988; Kano et al. 1991; Sharp et al. 1995) or from selective pressure for more efficient and accurate translation (Duret and ª The Author(s) 2011. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/ 2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. Mouchiroud 1999; Duret 2000; Stoletzki and Eyre-Walker 2006) . The hypothesis that codon usage is driven by selection has been supported by findings that codon usage biases are correlated to tRNA abundance (Ikemura 1982 (Ikemura , 1985 Duret 2000) . In addition, codon usage bias has been positively correlated with gene expression in numerous taxonomic groups (e.g., Escherichia coli, Saccharomyces, Caenorhabditis, Drosophila, Arabidopsis, Silene, Populus), findings indicative of selection for efficient translation (Sharp 1987; Duret and Mouchiroud 1999; Cutter et al. 2006 Cutter et al. , 2008 Ingvarsson 2008; Qiu et al. 2011) . A key indicator of translational selection within genomes is the enhanced usage of a specific set of codons (i.e., optimal codons) in highly expressed genes as compared with lowly expressed genes. In this regard, an evaluation of the presence/absence of optimal codons and factors associated with their usage provides a means to test whether selection for translational efficiency and/or accuracy plays a major role in genome evolution (Sharp 1987; Stenico et al. 1994; Duret and Mouchiroud 1999; Cutter et al. 2008; Ingvarsson 2008) .
Several factors in addition to gene expression have been associated with codon usage. In particular, gene length (GL) is believed to be inversely associated with bias in codon usage. For example, it has been reported that shorter genes (shorter coding sequences [CDS] regions) tend to have greater bias in codon usage in certain animals and plants (e.g., Drosophila, Arabidopsis, Silene, species of Caenorhabditis, Duret and Mouchiroud 1999; Cutter et al. 2008; Qiu et al. 2011 ). However, this correlation has not been found in certain other taxa (e.g., species of Caenorhabditis, Populus, Cutter et al. 2008; Ingvarsson 2008) . At present, the role of GL, and particularly the relationship between gene expression and GL, remains largely unknown for most organisms. Another factor that may alter codon usage is mating system. Theory predicts that inbreeding species should have lower effective recombination rates (due to recombination among identical or nearly identical genomes) and reduced effective population size as compared with their outcrossing counterparts, each of which act to relax selective pressure for genomic traits such as codon usage (see Charlesworth and Wright 2001) . Altogether, it is evident that a further understanding of the role of translational selection in Neurospora genomes requires an assessment of gene expression level, combined with evaluation of the possible roles of GL and mating systems.
One effective means to study gene expression, and its relationship to codon usage, in newly emerging model species such as N. tetrasperma and N. discreta, is through the examination of expressed sequence tag (EST) data. In particular, the study of ESTs have proven to be a highly effective method to quantify gene expression as the extent of redundancy in ESTs reflects the abundance of mRNA in tissues/cells (Duret and Mouchiroud 1999; Akashi 2001; Wright et al. 2002; Subramanian and Kumar 2004; Cutter et al. 2008; Ingvarsson 2008) . In this regard, the recent availability of comprehensive EST data sets for N. tetrasperma and N. discreta allows for an examination of gene expression in these organisms and its association with codon usage.
The objective of the present investigation was to study synonymous codon usage within the N. tetrasperma and N. discreta genomes. For our analysis, we conducted a thorough assessment of codon usage within each of these taxa relative to gene expression. In addition, we assessed the codon usage relative to GL and the substitution rates at synonymous (dS) sites. As a complementary analysis, we assessed the role of base composition on codon usage, based on comparisons of introns and gene coding DNA. In combination, these analyses were aimed toward revealing the key factors driving the evolution of synonymous codon usage in these Neurospora genomes.
Materials and Methods
In this study, we investigated synonymous codon usage in the two Neurospora taxa for which both large-scale genomic and EST data sets are currently available: N. tetrasperma and N. discreta. For our analysis, we utilized the unannotated genome sequences for these two taxa available at the Joint Genome Institute (http://www.jgi.doe.gov/; The sequence data were produced by the US Department of Energy Joint Genome Institute in collaboration with the user community). For N. tetrasperma, the data are available from the haploid mat A strain with Fungal Genomics Stock Center (FGSC) ID 2508, and for N. discreta, the data are available from the haploid mat A strain FGSC 8579. Annotated gene sequences for N. crassa, which were used as reference taxon for gene identification in N. tetrasperma and N. discreta, were obtained from the N. crassa database (Annotation version 4, available June 2010; FGSC 2489; http://www.broad. mit.edu/annotation/genome/neurospora/). Among these three taxa, previous phylogenetic analyses have shown that N. tetrasperma and N. discreta form a clade relative to N. discreta; and the phylogentic tree is ([NT, NC], ND) (Dettman et al. 2003) . For gene expression analysis in N. tetrasperma and N. discreta, we used EST data sets available at the Joint Genome Institute, which contain 279,323 and 453,559 ESTs, respectively (table 1). EST data sets were generated slightly differently for each taxon (e.g., tissues were grown and harvested at the vegetative stages, with evidence of emerging sexual tissue in N. tetrasperma but not N. discreta; Takao Kasuga, personal communication). Thus, independent analyses were always conducted for N. tetrasperma and for N. discreta. raw genomic sequence for these taxa to the annotated CDS data set for N. crassa using BLAT software (Kent 2002) . Genes showing quality alignments, including a start and stop codon and spanning the complete CDS region for N. crassa, were identified, yielding a total of 2,151 genes. Genes were automatically aligned and gaps removed using the BLAT procedure. The identified gene regions in N. tetrasperma and N. discreta were assigned the NCU gene identifier of the matching gene in N. crassa. We removed sequences from gene families with highly similar (.90% identity) paralogous sequences, based on a comparison of the gene list against itself using MEGABLAST (http:// www.ncbi.nlm.nih.gov/blast/megablast.shtm). The final gene list contained a total of 2,079 genes that were found in both N. tetrasperma and in N. discreta (table 1) and which were used in our gene expression and codon usage analysis. The NCU identifier for each of the 2,079 genes examined herein is provided in supplementary data file 1 (Supplementary Material online).
Introns were identified in both N. tetrasperma and N. discreta. For this, we extracted the genomic regions between exons of genes in N. tetrasperma and separately for N. discreta. In total, we identified introns for 1,752 of the 2,079 genes from N. tetrasperma and N. discreta. For each gene, introns were concatenated prior to analysis.
Quantification of Gene Expression
For the quantification of gene expression levels, each of the 2,079 genes for N. tetrasperma and the 2,079 homologous genes for N. discreta were compared against their corresponding taxon-specific EST data set (table 1) using MEGA-BLAST. ESTs having more than 95% sequence identity were considered a match; this level of identity is sufficient for correct EST matches among closely related genes and allows for minor variation due to sequencing errors (Subramanian and Kumar 2004) . It is worthwhile to note that we examined a single haploid strain of N. tetrasperma and of N. discreta such that there is no allelic variation per gene and that we a priori removed genes having .90% identity, which ensures accurate matches between ESTs and genes herein. For N. tetrasperma, we found that a total of 105,003 ESTs (of 279,323 available ESTs) matched its 2,079 genes, whereas 161,242 ESTs (of 453,559 ESTs) matched the corresponding gene set in N. discreta (table 1) . Using these data, we calculated the frequency of ESTs for each of the 2,079 genes for each of the two Neurospora taxa as follows: ESTs per 100,000 5 the number of EST matches per gene/ total number of ESTs per taxon-specific data set Â 100,000. Subsequently, each of the 2,079 genes was categorized as either lowly (,10 ESTs per 100,000, including genes showing no evidence of expression) or highly expressed (!10 ESTs per 100,000) for N. tetrasperma and for N. discreta, respectively. Approximately, 1/3 of genes were above the cutoff of ten ESTs per 100,000, whereas 2/3 of genes were below this level for each taxon. A summary of the number of genes within each category of gene expression for N. tetrasperma and for N. discreta is provided in table 1.
Codon Usage Analyses
Using the gene sequences and gene expression data sets generated above, we assessed the association between codon usage and gene expression within N. tetrasperma and within N. discreta. For this, we examined the effective number of codons (ENCs); a broad measure of how far the codon usage of a gene departs from equal usage of synonymous codons. ENC can have a lowermost value of 20, in the case of extreme bias where one codon is solely used for each amino acid, and an uppermost value of 61 when all alternative synonymous codons are used equally. Thus, lower ENC values represent greater bias in codon usage (Wright 1990) . We also examined the GC content of third nucleotide positions of codons (GC3). GC3 and ENC were determined in CodonW (J. Peden, http://codonw.sourceforge.net).
The preferential usage of codons has been described by various terms in the literature. For example, ''preferred'' and ''major'' may refer to those most frequent in the genome, those most frequent in genes showing biased codon usage and/or those associated with high gene expression (e.g., Akashi 2001; Vicario et al. 2007 ). For clarity, for our purposes, we have used the term ''optimal'' codons herein to denote those codons specifically associated with elevated gene expression (Duret and Mouchiroud 1999; Cutter et al. 2008; Ingvarsson 2008) . In order to determine whether optimal codons are inherent to N. tetrasperma and N. discreta, we determined the relative synonymous codon usage (RSCU) for each codon per synonymous codon family, for each of the genes examined in this study. RSCU measures the observed frequency of a particular codon relative to the expected frequency if all synonymous codons were used equally. RSCU values greater than 1 indicate preferential usage and higher values among codons within a synonymous codon family denote increased usage (Sharp et al. 1986 ).
The RCSU values were determined by using CAIcal software (Puigbo et al. 2008) , and the analyses were performed independently in the two taxa. Using these data, we determined the value of nRSCU 5 Mean RSCU HighlyExpressed Genes -Mean RSCU Lowly Expressed Genes for each codon per synonymous codon family. Optimal codons were defined as those codons having statistically significant and positive nRSCU values (Duret and Mouchiroud 1999; Cutter et al. 2008; Ingvarsson 2008) . Statistical significance was assessed using t-tests of RSCU values among highly and lowly expressed genes (P , 0.05). A Bonferroni correction was applied to all P values. Based on the optimal codon list defined using the above methodology, we determined the frequency of optimal codons (Fop) per gene for N. tetrasperma and for N. discreta using CodonW (J. Peden, http://codonw.sourceforge.net). Subsequently, we conducted two-way analysis of variance (ANOVA) for each taxon with Fop as the dependent variable and gene expression and GL as categorical factors (Cutter et al. 2006) . GLs were assumed to equal the values from N. crassa, as the complete and/or annotated genomic DNA or protein sequences are not yet available for N. tetrasperma and N. discreta. This approach has also been utilized in other organisms (Cutter et al. 2008; Ingvarsson 2008) as protein lengths tend to be highly conserved among eukaryotes (Wang et al. 2004) . For the ANOVA's, gene expression was categorized as low or high (,10 ESTs per 100,000 or !10 ESTs per 100,000, respectively) and GLs were subdivided into three categories (short, GL , 250 codons; medium, 250 GL . 500; and long, GL ! 500 codons). Each taxon was analyzed independently in the ANOVA's. Post hoc pair-wise analyses of our ANOVA data were conducted using the Holm-Sidak method. All statistical analyses, including ANOVAs and t-tests, were conducted using Sigmastat v3 (http://www.systat.com).
Analysis of Synonymous and Nonsynonymous Substitutions
Measurements of dS for N. tetrasperma (NT) and for N. discreta (ND) were conducted on concatenated sequences for the lowly expressed genes and separately for highly expressed genes for each taxon. The corresponding genes from N. crassa (NC) were identified for each of these gene sets and used to measure dS values. dS was determined using the PAML package yn00 (Yang 2007) .
Results
Based on the analysis of 2,079 genes and comprehensive EST data sets, we assessed the relationship between codon usage and gene expression in N. tetrasperma and N. discreta. Lowly expressed genes were defined as those with less than 10 ESTs hits per 100,000 (including genes showing no evidence of expression), whereas highly expressed genes have equal to or greater than 10 ESTs per 100,000 (table 1) . We first assessed the ENCs and the GC content of third nucleotide positions (GC3) of codons relative to gene expression. Our data reveal that highly expressed genes have statistically significantly lower ENC values than lowly expressed gene (P , 0.05; fig. 1 ). This is consistent with bias toward the preferential usage of a specific subset of codons in more highly expressed genes. In addition, we found that GC3 was positively associated with gene expression ( fig. 1) , suggesting that the observed codon usage bias is associated with greater usage of GC ending codons in highly expressed genes; this parallels an association between GC3 and bias in codon usage reported in certain other organisms (Akashi 2001) .
Optimal Codons
We identified optimal codons based on a statistically significantly higher RSCU within genes having high expression as compared with those with low expression, that is a positive nRSCU (Duret and Mouchiroud 1999; Cutter et al. 2008; Ingvarsson 2008 ). Our analysis of nRSCU across all 2,079 genes for N. tetrasperma and for N. discreta reveal a list of optimal codons that are identical for the two taxa: 24 codons are statistically significantly more frequent in highly expressed than in lowly expressed genes (P , 0.05; in all t-tests after Bonferroni correction, table 2; note that standard errors are provided in supplementary table 1, Supplementary Material online). Two putative optimal codons were also identified for the amino acids aspartic acid and proline. For these two amino acids, one codon was utilized more often in highly expressed genes, although this difference was not statistically significant. In totality, our data provide marked evidence that elevated gene expression is associated with usage of an optimal set of codons in Neurospora taxa, a finding consistent with selection on codon usage in their genomes.
Several trends were detected in our analyses of optimal codon usage in these two Neurospora genomes. Specifically, we found that the vast majority of optimal codons contain C at the third nucleotide position (table 2). For amino acids encoded by four or more codons (e.g., leucine, valine, serine, proline, threonine, alanine, arginine, and glycine), we found that the primary optimal codon, defined as the codon with the largest positive nRSCU values, always contained C at the third codon position. The secondary optimal codon (with the second highest nRSCU) tended to be terminated by T. Our data also show that there is a strong preference for the primary optimal codon as compared with the secondary optimal codon. For example, for leucine, the nRSCU for the primary optimal codon (CTC) is þ0.8344, whereas this value is only þ0.1285 for the secondary optimal codon (CTT) in N. tetrasperma. For those amino acids that do not have any synonymous codons with C at the third nucleotide position, for example, glutamine (encoded by two codons, CAG and CAA) and lysine (encoded by AAG and AAT), the optimal codon tended to end in G. The data demonstrates that these Neurospora genomes contain optimal codons spanning the 18 amino acids with synonymous codons and particularly favors those codons ending in C or G.
Fop Relative to Gene Expression and GL
Based on the optimal codon list defined above, we determined the Fop per gene for N. tetrasperma and for N. discreta. Subsequently, in order to assess the relative roles of gene expression and GL, we conducted two-way ANOVA analyses for each taxon with Fop as the dependent variable and gene expression and GL as categorical factors. Gene expression was categorized as low or high (as described above) and GLs subdivided into three categories (short, GL , 250 codons; medium, 250 GL . 500; and long, GL ! 500 codons). An independent analysis was conducted for N. tetrasperma and for N. discreta. The ANOVA results show that gene expression level explains a major component of variation in optimal codon usage in N. tetrasperma and in N. discreta, with values exceeding . 31.9% (table 3) . The data also reveal that the proportion of Fop variation that is explained by gene expression is more than 6-fold higher than that explained by GL (e.g., 32%/4% 5 8 for N. tetrasperma and 31.9%/5.18% 5 6.2 for N. discreta, table 3). Statistically significant interaction was detected between gene expression and GL (P , 0.05) but was a relatively minor factor determining variation in codon usage (,1%; table 3). Notably, nearly identical results were obtained when three categories of gene expression: low, high, and no expression, were used in the ANOVA's (data not shown). In sum, these data indicate that gene expression level is a key factor driving codon usage, whereas GL plays a statistically significant, but relatively minor, role in these genomes.
Post hoc pair-wise analyses of gene expression (within each GL category) and GL (within each gene expression category) from our ANOVA data using the Holm-Sidak method further reveal the patterns of optimal codon usage N. tetrasperma and in N. discreta. For example, these comparisons reveal that Fop is inversely correlated with GL, with a statistically significantly higher Fop for shorter genes than longer genes for each gene expression category. In addition, highly expressed genes have statistically significantly higher Fop than lowly expressed genes at all three GLs ( fig. 2) . Among all possible gene categories (i.e., among the six possible combinations of GL and gene expression level), the results show that the highest Fop values occur in highly expressed short genes; this trend suggests that these traits may be associated with the most efficient translation. It is particularly notable that highly expressed long genes have higher Fop values than lowly expressed medium length or short genes (fig. 2) ; this is consistent with the notion that gene expression plays a greater role in driving codon usage bias than GL. In totality, these findings support the conclusion that gene expression is a primary factor driving optimal codon usage in these Neurospora genomes.
As a supplemental analysis, we assessed the synonymous substitutions (dS) for concatenated highly expressed genes and concatenated lowly expressed genes in N. tetrasperma and separately in N. discreta (relative to N. crassa). We found that dS values for highly expressed genes were markedly reduced (by between 5% and 22% depending on the model) as compared with lowly expressed genes for N. tetrasperma and for N. discreta (see supplementary table 2, Supplementary Material online). The findings of reduced dS for highly expressed genes were consistent across several substitution models. More than a 20% decline in dS was detected in highly expressed genes using models by Nei and Gojobori (1986) and Li (1993) . These models do not account for codon usage (2000), which accounts for codon usage bias, also showed reduced dS for highly expressed genes. In this case, the decline in dS in highly expressed genes relative to lowly expressed genes was between 5% and 7.8% (for N. tetrasperma and N. discreta, respectively), which is much lower than the other models and is consistent with a correction for codon usage in the estimation of dS. Nonetheless, the fact that a decline was still observed despite the correction for codon frequencies, suggests that the selection on codon usage in these Neurospora taxa may exceed the level that can be accounted for by the model. In sum, all the substitution models support reduced dS in highly expressed genes. This suggests that highly expressed genes, which have elevated bias in codon usage, evolve at a lower rate at synonymous sites; this finding further supports the role of translational selection in these Neurospora genomes (McVean and Vieira 2001; Ingvarsson 2008) .
Introns
Mutational bias is one factor that could underlie variation in codon usage (Akashi 2001; Plotkin and Kudla 2010) . This is an unlikely explanation in our study as bias in codon usage was highly correlated with gene expression ( fig. 2 and tables 2 and 3). Nonetheless, it is conceivable that mutational biases might be associated with gene expression level and thus could explain our findings reported herein. In order to assess this possibility, we examined DNA sequences assumed to be selectively neutral, for example, introns, in order to further discern whether mutation or selection drives codon usage. In contrast to studies where gene sequences were derived from ESTs and thus introns were not available (e.g., Cutter et al. 2008; Ingvarsson 2008) , our gene data set were derived from genomic DNA and thus allow separate analyses of intronic and exonic sequences. Introns were identified for 1,752 of the 2,079 genes from N. tetrasperma and N. discreta. As described above, most of the optimal codons identified herein end in G or C nucleotides (table 2) . Thus, comparison of GC3 and the GC content of introns (GCI) may be used to assess whether biases in codon usage are associated with mutational pressure (Wolfe et al. 1989; Smith and Eyre-Walker 2001; Vicario et al. 2007) . As shown in figure 3, our data show that GC3 values are not associated with GCI for either N. tetrasperma or for N. discreta. For example, for highly expressed short genes in N. tetrasperma, we found that the mean GC3 value was 0.768 (±0.005), whereas the mean GCI value was Material online) .
a This codon was designated as a putative optimal codon for this amino acid as RSCU has a greater value in the highly expressed genes, even though comparison is not statistically significant. only 0.524 (±0.004; P value of t-test ,10
À16
). In fact, we found that the GC3 values were statistically significantly higher than GCI for genes within each of the six possible combinations of gene expression level (high, low) and GL (short, medium, long), with P , 10 À16 in each of these comparisons (after Bonferroni correction). These findings indicate that the GC3 content is not evolving neutrally and that mutational biases cannot explain our findings. Thus, the marked association between gene expression and optimal codon usage in N. tetrasperma and in N. discreta are best explained by selection for translational efficiency and/or accuracy in these taxa.
Differences in Codon Usage among Neurospora Taxa
In order to further understand the evolutionary dynamics driving optimal codon usage in N. tetrasperma and N. discreta, we determined the difference in the Fop among these two taxa for each of the 2,079 genes examined herein. Our results indicate that 92.9% (1,931 of the 2,079 genes) of the genes examined show differences in Fop among these taxa, with only 148 having identical Fop values (fig. 4) . Notably, a statistically significantly greater number of genes have a higher Fop value in N. tetrasperma (N 5 1,204) than those that have a higher value in N. discreta (N 5 727; chisquare test, P 5 0.013), suggesting that selection for optimal codon usage is stronger in N. tetrasperma. We also compared the nRSCU values for the optimal codons among these two organisms. For this, we examined only the primary optimal codon per synonymous codon family, which is the optimal codon with the largest positive nRSCU. The data show that the nRSCU value was higher in N. tetrasperma than for N. discreta for 16 of the 18 primary optimal codons (table 2). This is consistent with greater selective pressure on optimal codon usage in N. tetrasperma than for N. discreta across the vast majority of synonymous codon families.
In totality, the data suggest that there have been mild shifts in optimal codon usage among genes in N. discreta as compared with N. tetrasperma ( fig. 4) , with more genes having a higher Fop in N. tetrasperma. Thus, adaptive codon usage is greater in N. tetrasperma. It may be speculated that this results from a generally greater level of purifying selection in the N. tetrasperma lineage but could also result from positive selection events. Despite this variation, however, our data show that most aspects of codon usage are highly conserved for N. discreta and N. tetrasperma, with these taxa having identical optimal codon lists (table 2) whose frequency is largely dependent on gene expression level and to a lesser extent GL (figs. 1 and 2 and tables 2 and 3).
Discussion
Although mutational biases or gene conversion may be associated with codon usage bias in certain organisms (D'Onofrio et al. 1991; Wright et al. 2007; Haudry et al. 2008; Plotkin and Kudla 2010) , the marked codon bias reported herein for N. discreta and for N. tetrasperma is best explained by selection for translational efficiency and/or accuracy. This is demonstrated by several findings. First and most importantly, our data show unequivocally that optimal codons are associated with gene expression level in N. tetrasperma and in N. discreta (table 2 and fig. 2 ). In addition, a very high fraction of variation in Fop is explained by expression level (table 3) , a level equal to, or beyond that, reported in other species such as Populus and Caenorhabditis (Cutter et al. 2008; Ingvarsson 2008) . Secondly, the effect of gene expression is prevalent across all three GL categories, and thus GL cannot explain these findings ( fig. 2) . Thirdly, dS is markedly lower in highly expressed genes, a finding which suggests that selection has altered synonymous substitution rates among taxa (supplementary table 2, Supplementary Material online; McVean and Vieira 2001) . Such an effect is only expected under strong selection for codon usage (McVean and Vieira 2001) . Finally, we found markedly higher GC content at third nucleotide positions of codons than for the associated introns for the genes examined herein (fig. 3 ); such findings demonstrate that mutational or gene conversion biases cannot explain our results (Wolfe et al. 1989; Eyre-Walker 1999; Smith and Eyre-Walker 2001; Vicario et al. 2007) . Thus, it is evident that codon usage in N. tetrasperma and N. discreta is shaped by selection for translational efficiency/accuracy.
The fact that the 26 optimal codons identified herein (including two putative optimal codons) are identical across N. tetrasperma and N. discreta (table 2), suggests that optimal codon usage has been highly conserved among these divergent Neurospora taxa. The nRSCU values, which is an indicator of the strength of selection for optimal codons (Cutter et al. 2008; Ingvarsson 2008) , are notably higher than those reported for Populus and Arabidopsis, wherein almost all values for optimal codons were less than 0.30 (Duret and Mouchiroud 1999; Ingvarsson 2008) , for example, nine of the optimal codons for N. tetrasperma and N. discreta had nRSCU values higher than 0.30 and the highest value was 0.8344 (for CTC for leucine in N. tetrasperma; table 2). However, the uppermost nRSCU values reported herein for Neurospora are in a similar range as found in Drosophila and Caenorhabditis, whose values often exceeded 0.30 (Duret and Mouchiroud 1999) . Thus, these data suggest that the Neurospora genomes examined here have among the highest selective pressures for optimal codons usage, relative to these other organisms. It is worthwhile to note that prior research using tentative models for selection pressure on codon usage has suggested that selection coefficients might be greater in N. crassa than in other eukaryotes such as Arabidopsis and equal or greater than species of Drosophila and Caenorhabditis (dos Reis and Wernisch 2008). Our present data is consistent with marked selective pressure on codon usage in N. tetrasperma and N. discreta.
Fop and GL
Our data demonstrate that GL contributes to optimal codon usage in N. tetrasperma and N. discreta but to a lesser extent than gene expression ( fig. 2 and table 3 ). The genelength effects may result from background selection and/or Hill-Robertson effects, each of which interfere with the effectiveness of selection and has a greater effect for longer genes (Comeron et al. 1999; Comeron and Guthrie 2005; Loewe and Charlesworth 2007 ) that is such processes may interfere with the fixation of optimal codons in longer genes. Accordingly, shorter genes may have more efficient selection for optimal codons. The gene-length effects reported herein are consistent with reports of an inverse association between GL and optimal codon frequency in certain other multicellular organisms (e.g., Drosophila, Caenorhabditis, and Silene, Duret and Mouchiroud 1999; Cutter et al. 2008; Qiu et al. 2011) . Our findings, however, differ from recent results in Caenorhabditis, wherein GL effects on optimal codon usage were inferred in some taxa but not in others (Cutter et al. 2008) . Similarly, no effect of GL on optimal codon usage was found in various species of Populus (Ingvarsson 2008) . In these studies, it has been proposed that the lack of GL effects (or lack of a consistent effect in Caenorhabditis) might be due to the fact that GLs were assumed to be equal to those from a reference taxon (Cutter et al. 2008; Ingvarsson 2008) . Thus, there might be unknown differences in GLs among species that impeded the detection of GL effects. This explanation seems unlikely, as protein lengths (and thus CDS regions) tend to be highly conserved among eukaryotes (Wang et al. 2004 ). Furthermore, we estimated GLs for N. tetrasperma and in N. discreta, using the reference taxon N. crassa, which did not obscure the GL effects reported in present analysis ( fig. 2 and table 3 ). Another proposed explanation for the lack of GL effects in certain species of Caenorhabditis and in Populus is that different sets of genes were used for the various species examined in each of these studies (Cutter et al. 2008; Ingvarsson 2008 ). This was not an issue in our analyses, as we utilized identical gene sets (2,079 genes) for both N. tetrasperma and N. discreta, which likely enhanced our ability to consistently detect GL effects on the Fop across taxa. Overall, our present findings point toward the conclusion that GL plays a significant role in determining the Fop per gene in N. tetrasperma and N. discreta.
The findings of the highest Fop values for short highly expressed genes for each of the Neurospora taxa examined herein ( fig. 2) corresponds with results reported for other multicellular organisms such as species of Drosophila, Caenorhabditis, and Silene (Duret and Mouchiroud 1999; Qiu et al. 2011) . Such findings suggest that in combination these traits promote highly efficient translation. Highly expressed genes have elevated fitness costs due to the energy and cellular resources required for synthesis and correcting synthesis errors (mRNA and protein; Akashi 2003; Drummond and Wilke 2009) . Longer proteins are believed to have greater phenotypic costs for protein-synthesis errors (and accumulate more errors, Drummond and Wilke 2009) and have greater energy costs for synthesis than shorter proteins (Akashi 2003) . Thus, natural selection may favor evolution of highly expressed longer proteins into shorter proteins in order to minimize fitness costs (Akashi 2003) ; accordingly, such a phenomenon might partially contribute toward the elevated optimal codon usage observed within short genes as compared with longer genes in Neurospora.
Comparison among Neurospora Taxa
Although the optimal codon list is highly conserved among N. tetrasperma and N. discreta (table 2) , it is worthwhile to note that small but nontrivial differences in codon usage were evident among these two taxa. For example, the findings that N. tetrasperma has a higher Fop value for a large majority of the 2,079 genes examined herein ( fig. 4) and has an elevated nRSCU value for 16 of 18 of the primary optimal codons than its relative N. discreta, suggest there is greater selective pressure on codon usage in this taxon. This finding is surprising as N. tetrasperma is a selfcompatible and primarily inbreeding taxon with enforced intratetrad mating (Raju and Perkins 1994) , whereas N. discreta is a self-incompatible taxon. Theory predicts that inbreeding species should have relaxed selective pressure for genomic traits such as codon usage due to lower effective recombination rates giving rise to reduced effective population size as compared with their outcrossing counterparts (see Charlesworth and Wright 2001) . This notion has been supported by findings from species of Caenorhabditis, which have shown that the transition from outbreeding to selfing correlates with a decrease in codon usage bias (Cutter et al. 2008 ). In addition, data from inbreeding species of Lycopersicon have been found to have more transposable elements than outcrossers, consistent with less selective pressure for inbreeders (Young et al. 1994; Charlesworth D and Charlesworth B 1995) . However, our present data do not support this trend and suggests that the inbreeding species N. tetrasperma has greater selective pressure for codon usage than the selfincompatible N. discreta.
Several plausible factors might give rise to differences in codon usage among N. tetrasperma and N. discreta. For example, N. tetrasperma might have a higher effective population size than N. discreta; this is not expected given that N. tetrasperma is a primarily inbreeding pseudohomothallic species, whereas N. discreta is heterothallic (and thus likely subjected to much less inbreeding, Perkins and Raju 1986) . However, N. tetrasperma has been shown to be capable of occasional outcrossing events and its nine independent phylogenetic lineages are not perfectly reproductively isolated (Menkis et al. 2009 ), traits which may enhance its effective population size. Furthermore, although N. discreta is one of the most extensively distributed Neurospora species, for example, accounting for more than 95% of isolates collected in western North America (Jacobson et al. 2004) , it consists of multiple phylogenetic lineages of unknown population size (and thus might consist of small populations; Dettman et al. 2006) . Another factor that could play a significant role is the time of origin of the mating systems. For example, it has been suggested that lack of codon usage differences in certain species of Caenorhabditis might result from the fact that self-fertilization arose less than 4 Ma (Cutter et al. 2008) . Recent data has suggested that inbreeding is also the derived state in N. tetrasperma originating less than 6 Ma (Menkis et al. 2008; Nygren et al. 2011 ); accordingly, it may be inferred that selfing might have existed for too short of a time period to alter codon usage in this taxon. In this regard, it is plausible that effects of effective population sizes and/or a recent origin of reinforced inbreeding may explain why, contrary to theoretical predictions, selective pressure is higher for the highly inbreeding taxon N. tetrasperma.
Conclusions
The present investigation reveals that gene expression level is a primary factor driving codon usage within the filamentous ascomycetes N. tetrasperma and in N. discreta. The selective pressure equals or exceeds that reported in the limited other taxa with comparable data available to data (e.g., Caenorhabditis, Populus, Drosophila, and Arabidopsis, Duret and Mouchiroud 1999; Cutter et al. 2008; Ingvarsson 2008) . Moreover, in contrast to certain other organisms, our data also show that GL contributes substantially to shaping codon usage in Neurospora. Further studies will be needed to ascertain whether such optimal codon usage is inherent to other species of Neurospora, including N. crassa and other genera of filamentous ascomycetes and fungi.
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